Abstract. The present study assessed changes in carotid plaque neovascularization following long-term atorvastatin therapy (20 mg/day) using contrast-enhanced ultrasonography (CEUS). In this prospective case series, seven males (mean age, 68±9 years) and three females (mean age, 67±10 years) with a total of 13 carotid plaques underwent standard ultrasonography and CEUS at baseline, as well as after 1 and 2 years of atorvastatin treatment. The same plaques were then examined using real-time CEUS. The results of the enhanced intensity of plaque neovascularization at baseline were compared with results obtained during follow-up to examine the effects of long-term atorvastatin therapy. Standard ultrasonography revealed that 7 of the 13 carotid plaques were uniformly echolucent, whereas 6 carotid plaques were predominantly echolucent. CEUS revealed an enhanced intensity of 10.5±2.1 decibels (dB) prior to treatment, which decreased significantly to 7.3±2.6 dB following 2 years atorvastatin therapy (P<0.001). The ratio of enhanced intensity in the carotid artery lumen to that in the plaque was 3.10±1.10 at baseline and this value significantly increased to 4.96±2.98 following treatment for 2 years (P<0.001). The current pilot study therefore indicates that two-year atorvastatin therapy (20 mg/day) may reduce plaque neovascularization in the Chinese population.
Introduction
Vulnerable plaques are plaques that are more likely to rupture and cause cerebrovascular events. The likelihood that a plaque will become vulnerable depends on a number of factors including the degree of stenosis, plaque morphology and plaque pathophysiology, such as intraplaque hemorrhage (1) (2) (3) (4) . Angiogenesis is important in determining plaque development and vulnerability. Plaque neovascularization is more extensive in symptomatic and vulnerable carotid artery plaques (5, 6) and immunohistochemical studies in humans have confirmed that the increased density of microvessels is associated with plaque rupture (7, 8) . It has been demonstrated that vessel density is two times higher in vulnerable plaques than in stable plaques, which results in severe luminal narrowing. Furthermore, vessel density is up to four times higher in ruptures than in stable plaques (9) .
It would be ideal to develop a noninvasive method capable of analyzing intraplaque angiogenesis and assessing whether these plaques are vulnerable to rupture. Sophisticated techniques, including computerized tomography angiography with contrast agents and positron emission tomography, have been developed to perform carotid artery plaque imaging in vivo (10, 11) . However, these techniques are expensive and require substantial exposure to radiation, making them unsuitable for use during routine follow-up. Furthermore, they are unable to identify neovascularization. Although magnetic resonance imaging can determine the neovascularity of plaques, it requires the use of expensive apparatus and operation by trained practitioners. This is not feasible in many parts of the world. Standard ultrasonography can provide information on plaque morphology based on ultrasonic echolucency (12) but is inadequate for assessing plaque neovascularization (13) . Due to these challenges, no imaging technique has been established as a 'gold standard' for analyzing vulnerable carotid plaques (14) and little is known about how inflammation or morphological changes in such plaques lead to cerebrovascular events.
Contrast-enhanced ultrasonography (CEUS) is a promising noninvasive tool for the visualization of plaque neovascularization. It combines the high spatial and temporal (15) . CEUS reveals plaque biological activity and vascularization in vivo and a number of studies have suggested that CEUS may be useful for plaque risk stratification and assessing atherosclerosis progression and regression (13, 16, 17) . However, to the best of our knowledge, no studies have directly compared the effectiveness of CEUS with standard ultrasonography for assessing plaque neovascularization in patients at risk of atherosclerosis. Statins are widely used to reduce cholesterol levels in patients at risk of atherosclerosis and changes in carotid plaques revealed by ultrasound are usually observed following large doses of atorvastatin (80 or 40 mg/day) (18) . Few studies have examined the effects of small doses of statins administered over a long time on carotid artery neovascularization. Thus the current study used CEUS to determine whether carotid plaque echogenicity and intra-plaque neovascularization were decreased following two-year atorvastatin therapy (20 mg/day) in Chinese patients.
Patients and methods
Patients. Patients scheduled to undergo standard ultrasonography of the carotid artery in the Department of Ultrasound, Fuxing Hospital (Beijing, China) between March 2009 and May 2012 were recruited. Among the 62 patients initially recruited, 10 patients (7 male patients and 3 female patients) were included in the current study.
Patients were eligible as long as they had at least one atherosclerotic plaque in the carotid artery that was thicker than 2.0 mm (19) and which was determined to be uniformly or predominantly echolucent by standard ultrasonography. Atherosclerotic plaques were defined according to the Mannheim consensus, which was the presence of focal structures encroaching into the arterial lumen by >0.5 mm, by 50% of the thickness of the surrounding intima-media complex or by the thickness of the intima-media layer if this was >1.5 mm (20) . Patients were excluded from the current study if they had known allergies to albumin or to standard ultrasonography contrast medium.
Each patient was administered atorvastatin calcium tablets (Pfizer Pharmaceutical Co., Ltd., Dalian, China; 20 mg/day taken orally once a day) for 2 years and all patients were able to continue their medications throughout. The dose of 20 mg/day was selected as the majority of Chinese people do not have high cholesterol levels; levels of <1.04 mmol/l are very common (21) . In addition, as atorvastatin induces side effects in the liver, many patients are unable to tolerate higher doses. The current prospective pilot study was approved by the Research Ethics Committee of Fuxing Hospital and written informed consent was obtained from each patient.
Analysis of carotid plaques. All subjects were analyzed using standard ultrasonography and CEUS at baseline prior to initiation of atorvastatin therapy and the same examination was performed following 1 and 2 years of treatment. Standard ultrasonography and CEUS were performed using an Acuson Sequoia 512 ultrasound machine (Siemens Medical Solutions; Mountain View, CA, USA) equipped with an 8-L probe and operated at a transmission frequency of 8-15 MHz. These procedures were performed by a trained vascular technologist who was blinded to the history of the participant. Prior to re-examination, the technologist reviewed the previous examination results of each patient to ensure that the same plaques were assessed that had been assessed previously.
As each patient lay in the supine position, the left and right carotid arteries were examined with the head supported at a 45˚ angle and turned to the contralateral side. The common carotid artery, extracranial segments of the internal carotid artery and external carotid artery were examined in the longitudinal and transverse planes using standard ultrasonography. Maximal plaque thickness was measured as maximal intima-media thickness. Uniformly or predominantly echolucent lesions with plaques thicker than 2.0 mm were recorded during standard ultrasonography and CEUS, and were analyzed later.
Following standard ultrasonography, the same plaques were examined using real-time CEUS. Coded pulse inversion imaging was activated, image contrast was maximized and the mechanical index was reduced to 0.18-0.35. Using a region below the plaques of interest, the technician adjusted the time gain compensation to achieve homogeneous signal intensity for the carotid artery, while minimizing noise from the carotid artery wall and the plaque. All settings were kept constant throughout each examination.
CEUS imaging was performed following injection of the intravascular tracer SonoVue (Bracco SpA, Milan, Italy), consisting of sulfur hexafluoride phospholipid-stabilized microbubbles with a mean diameter of 2.5 µm and a concentration of 1-5x10 8 /ml (22) . The microbubbles could freely flow through the tissues of tiny capillaries. However, they could not enter the tissue space through the vascular endothelial cells, which is a perfusion area limited in the vascular bed and is not involved in the outer region (23) . Prior to use, 5 ml saline solution was added to the lyophilized powder under a sulfur hexafluoride atmosphere and shaken thoroughly prior to use. The contrast agent was injected via the antecubital vein as a 2.2 ml bolus within 2-3 sec, followed by a 5 ml saline bolus. The appearance of the contrast effect was observed inside the lumen of the carotid artery 15-30 sec following the injection. A contrast-enhanced carotid cineloop was acquired starting at least 3 sec prior to injection of the contrast material and this ended 5 min following the appearance of the contrast effect in the carotid artery lumen. Videos were digitally stored for later analysis. Participants were observed for 30 min before they were allowed to leave, in case any complications developed.
Analysis of standard ultrasound images. Maximal plaque thickness was measured from the media-adventitia to the intima-lumen boundaries and determined as the maximal intima-media thickness in a longitudinal image. Echolucent and mixed plaques were analyzed. Homogeneous echo plaques were defined as plaques with an echogenicity less than that of the surrounding adventitia for >80% of the plaque area, without acoustic shadowing. Mixed plaques were defined as plaques containing <90% of the circumferential calcification or with associated echo-dense and anechoic regions that occupied <80% of the plaque area (24) . Homogeneous echo plaques were named as 1 and mixed as 2.
The dynamics of echogenic reflections from microspheres in the lumen of the carotid artery and intraplaque microvessels were observed. Subsequently, the region of interest (ROI), a circle constructed within the interested region to generate the time-intensity curve, was determined within the plaque (ROI-P) as a whole and in the lumen of the carotid artery near the plaque (ROI-L).
Plaque enhancement was quantified offline using the time-signal intensity curve analysis software (Research-Arena; Unterschleissheim, Germany). installed on the Acuson Sequoia 512. This software is able to exhibit the signal intensity-time curve in ROIs during enhancement. The following time-intensity curve parameters were noted: Baseline intensity (BI), arrival time (AT), time to peak (TTP) and peak intensity (PI). Due to the ultrasound contrast agent, the intra-plaque signal intensity increased. Thus, enhanced intensity (EI) was calculated as follows: EI = PI -BI. EI is a parameter that measures the intensity differences between pre-and post-injections of the intravascular tracer, SonoVue, within the plaque ROI. Relative plaque enhancement (EI-R), measured at the separate peak enhancement point in the blood and plaque, was calculated as the ratio of enhanced intensity in the carotid artery lumen (EI-L) to the enhanced intensity in the plaque (EI-P) using the following formula: EI-R=EI-L/EI-P.
Quantitative data were retrospectively and independently analyzed by two investigators, who were blinded to the identity of the patient. Any disagreements were resolved by discussion.
Statistical analysis.
Values were reported as mean ± standard deviation, where appropriate. Data analysis was performed using SPSS 16.0 (SPSS, Inc., Chicago, IL, USA). Repeated-measurement analysis of variance (ANOVA) was used to compare CEUS parameters at baseline and after one and two years of atorvastatin treatment. Post-hoc statistical tests (Bonferroni test) were performed after ANOVA to account for the multiple comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results
Patients. During the study period, 10 consecutive subjects were enrolled: 7 males with a mean age of 68±9 years and 3 females with a mean age of 67±10 years (Table I) . The number of patients with different risk factors (diabetes mellitus, hypertension, smoking history, coronary artery disease, stroke and peripheral arterial disease) were as follows: 8 patients had diabetes mellitus, 10 patients had hypertension, 5 patients had an active smoking history, 8 patients had coronary artery disease, 10 patients had experienced stroke and 1 patient had peripheral arterial disease. All patients presented with nonspecific neurologic symptoms including vertigo and syncope. The 10 patients included in the current study presented with a total of 13 carotid plaques.
Blood lipid levels. A total of 4 ml blood was drawn using BD Vacationer vacuum blood collection tubes (Suzhou BD Medical Devices Co., Ltd) and blood lipid parameters (total cholesterol, triglycerides, high-density lipoprotein cholesterol and low-density lipoprotein cholesterol) were measured using an analyzer (Beijing Zhou Tian Hua Feng Medical Instruments Co. Ltd.) to detect blood fat at baseline and 1 and 2 years following atorvastatin treatment. All blood lipid indexes are presented in Table II , which was simultaneously checked during the ultrasound examination. From these results, it could be observed that there were no significant differences in blood lipid parameters among any of the different time points.
Ultrasound examination for carotid artery plaques. For each of the plaques, standard ultrasonography was used to evaluate lesion echogenicity, while CEUS was used to perform the visual and quantitative analysis of neovascularization. Each technique was applied at baseline (at the time of study enrollment) and following 1 and 2 years of atorvastatin treatment.
At baseline, standard ultrasonography revealed seven uniformly echolucent lesions and six predominantly echolucent lesions. Following atorvastatin therapy for 1 year, the same technique revealed that all plaques were predominantly echogenic. Following 2 years of therapy, all plaques appeared uniformly echogenic or extensively calcified (Table III) .
The carotid plaque sizes at pre-and post-atorvastatin therapy are presented in Table IV . ANOVA indicated a significant difference in carotid plaque size between pre-and post-atorvastatin therapy (P=0.016). These results demonstrate that carotid plaque size shrunk each year following atorvastatin therapy.
CEUS analysis at baseline revealed an average EI-P of 10.55±2.08 decibels (dB) and an average EI-R of 3.11±1.08 for all 13 plaques. Following 1-year atorvastatin therapy, EI-P decreased to 8.96±2.80 dB, while EI-R increased to 3.61±1.33. Following 2 years of therapy, these values were 7.27±2.57 dB and 4.96±2.99, respectively. Values at both follow-ups differed significantly from those at baseline (Table IV, Fig. 1 ).
In comparison with the baseline, average EI-P decreased and EI-R increased after atorvastatin therapy 1 year and 2 years (Tables V and VI) . Age is presented as the mean ± SD. Fig. 2 presents a patient who had a large plaque in the common carotid artery that was identified by computed tomography angiography. CEUS and time-signal intensity curves analysis revealed enhanced intensity in the plaque and lumen. After 2 years of treatment, the echo of the plaques was extensively enhanced by calcification, and the plaque neovascularization in the carotid plaques decreased.
Discussion
In the current pilot study, it was identified that CEUS is superior to standard ultrasonography at measuring plaque neovascularization in patients at risk of atherosclerosis. Since poor neovascularization is associated with plaque vulnerability, CEUS may provide a noninvasive method for assessing the risk of cerebrovascular events. CEUS also determined that 2-year atorvastatin (20 mg/day) therapy is able to significantly reduce neovascularization, suggesting that it induces a plaque-stabilizing effect.
A previous study has detected change in carotid plaques by ultrasound following administration of 40 or 80 mg/day atorvastatin in Western populations, and the administration of 20 mg/day atorvastatin as a homeopathic dose appeared to induce no strong response in the plaques in Western populations (25) . However, some studies have indicated that small doses of atorvastatin are safe and effective to administer to ethnic Chinese patients (21, 26) . Colhoun et al (27) reported that 10 mg/day atorvastatin was safe and effective at reducing the risk of first cardiovascular events including stroke in the UK and Ireland with type II diabetes, without elevating low-density lipoprotein (LDL) cholesterol levels. This may be due to ethnic differences. Studies have confirmed that 20 mg/day atorvastatin reduces LDL levels, as well as inflammation and thrombogenesis, in Chinese patients with acute ischemic stroke caused by large artery atherosclerosis (21,26,28-30) . A possible reason for the greater effect of moderate statin doses in Asian compared with Western populations may be the difference in statin pharmacokinetics (31) . In addition, a previous study indicated that a double dose or increased statin administration did not bring significant clinical effectiveness (32) . In addition, the results of the CHILLAS study may be considered a representative of what can be achieved by lipid-lowering treatment (29) . In Taiwan, the PAPAGO-T study conducted among high-risk patients including those with type II diabetes mellitus revealed that 10 mg/day atorvastatin was well-tolerated, lowered LDL-C levels and improved the lipid profile to a comparable degree in high-risk ethnic Chinese patients with hypercholesterolemia (33) .
Plaque inflammation and neovascularization are histological markers of vulnerable plaques and predictors of unstable atherosclerotic lesions in patients with cerebro-or cardiovascular disease (17) . This has led to increasing interest in the inflammatory and histological processes that occur in atherosclerotic lesions and give rise to cerebrovascular events (34, 35) . A noninvasive method capable of evaluating plaque neovascularization is required to evaluate these processes. The microbubbles used with CEUS in the current study could freely move through the tissues of tiny capillaries but could not enter the tissue space through vascular endothelial cells. Hence, CEUS was used to assess neovascularity in a noninvasive manner.
Homogeneous echo plaques on standard ultrasonography B-mode images reflect the histological features of plaque Figure 1 . EI ratios were determined at durations of atorvastatin calcium tablets 20 mg/kg via oral administration once daily for 2 years. EI ratio following 2 years of atorvastatin treatment was higher than that of the baseline and 1 year of treatment. EI, enhanced intensity; EI ratio, enhanced intensity in the carotid artery lumen to that of in the plaque; EI, enhanced intensity. All data are presented as the mean ± SD. TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol. instability. Such plaques are prone to rupture due to increased lipid content, macrophage density and intraplaque hemorrhage. Homogeneous echo plaques are also associated with an increased risk of ischemic stroke (12, 35) . Standard ultrasonography of the patients in the current study at baseline revealed either uniform or predominant echolucent lesions. Following 2 years atorvastatin therapy, plaques became uniformly echogenic or extensively calcified, suggesting a lower risk of rupture. Furthermore, the size of the carotid plaques shrunk each year following atorvastatin therapy, suggesting that atorvastatin may inhibit the growth of plaques. However, the carotid plaque size shrunk less during the second year of therapy, compared with the decrease observed over the first year. This may be explained by the fact that when blood drug concentrations reach a certain degree following long-term atorvastatin therapy, patients develop a degree of tolerance to the drug. However, plaque stability does not appear to be associated with blood lipid levels and a previous study confirmed that blood lipid levels were not linearly associated with the stability of the plaque (36) . CEUS analysis through the same treatment period has been proven to be effective at assessing neovascularization, and determined that atorvastatin significantly reduced EI-P and increased EI-R. EI-R is a straightforward ratio of signal intensities within the plaque ROI and the artery lumen at the time of peak intensity in the artery lumen. This ratio was selected as it can cancel the interference factor of different patients and represent the absolute value of enhancement (37, 38) .
The results of the current study demonstrate the usefulness of CEUS, supporting the results of previous studies suggesting that this method is a promising noninvasive tool to visualize plaque neovascularization (12, 36) . Shah et al (35) identified a strong correlation between CEUS analysis of plaque neovascularization in carotid arteries and histological scores on surgical specimens. Coli et al (39) demonstrated that CEUS measurements of contrast enhancement correlated well with histologically determined neovessel density in plaques.
The results of the current study provide some of the first direct evidence that prolonged statin therapy reduces plaque neoangiogenesis. Angiogenesis in plaques may be triggered by hypoxia and inflammation (40, 41) and it has been demonstrated that statins reduce inflammation as well as lowering lipid levels (42, 43) . Therefore, the anti-inflammatory effects of statins may mediate their therapeutic effect on plaque neovascularization. Larger controlled trials are required to validate CEUS as a routine screening and monitoring method for patients at risk of atherosclerosis. Such studies should also examine the mechanism of statin action in more detail.
In conclusion, the current pilot study suggests that CEUS is a promising potential surrogate end point in clinical trials that examine risk factors and treatments for atherosclerosis. Using this technique, it was suggested that long-term atorvastatin therapy may reduce plaque neovascularization and thereby reduce the risk of cerebrovascular events occurring. 
P-value -------------------------------------------------------------------------------

